Abstract. Aquatic plants convert mean kinetic energy into turbulent kinetic energy at the scale of the plant stems and branches. This energy transfer, linked to wake generation, affects vegetative drag and turbulence intensity. Drawing on this physical link, a model is developed to describe the drag, turbulence and diffusion for flow through emergent vegetation which for the first time captures the relevant underlying physics, and covers the natural range of vegetation density and stem Reynolds' numbers. The model is supported by laboratory and field observations. In addition, this work extends the cylinder-based model for vegetative resistance by including the dependence of the drag coefficient, on the stem population density, and introduces the importance of mechanical diffusion in vegetated flows.
Introduction
Freshwater and saltwater wetlands provide important transition zones between terrestrial and aquatic systems, mediating exchanges of sediment [Phillips, 1989] [Dixon and Florian, 1993] . Wetland plants control these exchanges both directly through uptake and biological transformation and indirectly by altering the hydrodynamic conditions [Kadlec, 1995] . The latter is the focus of this study, specifically the impact of vegetation on drag, turbulence intensity, and diffusivity. By providing a physically based model for estimating these parameters, the results of this paper will improve the engineering of wetland systems for wastewater and stormwater treatment, an increasingly popular and more environmentally sustainable alternative to traditional facilities.
The additional drag exerted by plants reduces the mean flow within vegetated regions relative to unvegetated ones [Kadlec, 1990; Shi et al., 1995] . This baffling promotes sediment accumulation by reducing near-bed stresses and subsequent erosion [Ward et al., 1984; Leonard and Luther, 1995] . An increase in drag can also lead to an increase in water depth and thus residence time, further influencing species' fate and biological activity [Jadhav and Buchberger, 1995; Kadlec, 1990] . Several efforts have been made to model the additional drag using a modified Manning's equation [e.g., Guardo and Tomasello, 1995] . Although useful for its simplicity, this adaptation of Manning's equation reveals little information about the flow structure within and above the canopy and cannot represent regions of emergent vegetation or regions of creeping or transitional flow [Kadlec, 1990; Jadhav and Buchberger, 1995 In addition to affecting the mean velocity, vegetation also affects the turbulence intensity and the diffusion. The conversion of mean kinetic energy to turbulent kinetic energy within stem wakes augments the turbulence intensity, and because wake turbulence is generated at the stem scale, the dominant turbulent length scale is shifted downward, relative to unvegetated, open-channel conditions [Nepf et al., 1997] . The combination of reduced velocity and reduced eddy-scale should reduce the in-canopy macroscale diffusion relative to unvegetated regions. This reduction has been observed for aquatic grasses [Worcester, 1995; Ackerman and Okubo, 1993] . This paper develops and tests a physically based model that predicts the turbulence intensity and diffusion within emergent vegetation. The model links vegetative drag, turbulence intensity, and turbulent diffusion. Observations of turbulence intensity match predictions based on the drag model. Observed diffusion rates, however, are greater than those predicted for turbulent diffusion alone. To explain the difference, this paper introduces the process of mechanical diffusion for vegetated flows. Together the contributions of turbulent and mechanical diffusion fully describe the observations. The newly described link between drag and turbulence intensity, as well as the introduction of mechanical diffusion as an important diffusive process in vegetated flows, can improve our understanding of seed and larvae dispersal in coastal marsh systems as well as our understanding of sediment and contaminant trapping. The results of this study are also relevant to the broader class of flow through distributed objects, for example, pesticide dispersal within crops and pollutant dispersal within cities.
Section 2 introduces models for drag, turbulence, and diffusivity for flow through emergent vegetation. Laboratory and field experiments described in section 3 provide observations which support these models. The comparison of model prediction and experimental observation is given in section 4. Finally, the models are used to compare the mean flow, turbulence intensity, and diffusivity in vegetated and unvegetated regions (section 5). Both of these wake characteristics contribute to the "sheltering" effect described by Raupach [1992] that diminishes the drag on downstream elements. Based on the observations for pairs of cylinders, we anticipate that the bulk drag coefficient for an array, Cz>, will decrease as the element spacing decreases or ad increases. To explore this trend, a numerical model was used to extrapolate the observations made for cylinder pairs [Bokaian and Geoola, 1984; Re d = 2600] to estimate the cumulative sheltering and bulk drag within a randomly arranged array. Cylinder placement within each numerical array was assigned using a random number generator with a placement resolution of d/10. For each cylinder i the local drag coefficient, Cz>i, was then assigned based on the proximity of the nearest upstream neighbor. This assumes that changes in Cz>i are set by the strongest wake interaction (nearest cylinder) and neglects cumulative effects of multiple wake interaction. This is a reasonable assumption for sparse distributions, that is, ad < 0.1 [Raupach, 1992] . The total drag, Fr, was estimated as the sum of individual cylinder drags, and used with (1) to estimate Cz>. Fifty realizations were performed for each value of ad. The results, presented later, indicate a strong dependence Cz>(ad) for ad > 0.01. For comparison, several staggered array configurations were also considered. Although different in detail, the curves Cz>(ad) derived for the staggered arrays also show a decline in C z> within increasing ad.
Model Development

Turbulence Intensity Within Emergent Vegetation
Even for sparse populations of emergent vegetation, the production of turbulence within stem wakes, Pw, exceeds the production through bed shear, Ps, over most of the flow depth [Nepfet al., 1997; Burke and Stolzenbach, 1983] . On the basis of this and the further assumption of homogeneity, the turbulent kinetic energy budget is reduced to a balance between the wake production and the viscous dissipation, e, that is, Pw • e. This simplification is confirmed experimentally, as discussed shortly. The wake production is estimated as the work input, FrU, where Fr is described in (1), that is, per unit mass: Note that the spectrum "levels" between 1 and 4 Hz, indicating a local-scale input of energy, here vortex shedding and wake production. For a single cylinder with d -0.6 cm and U = 5.5 cm/s the shedding frequency falls atfs -1.8 Hz. However, the shedding frequency is affected by the proximity of other cylinders within the array, potentially doubling as the cylinder spacing decreases [Weaver, 1993] . Thus a range of shedding frequencies (here, 1.8-3.6 Hz) is observed within the random array, reflecting the range of local array densities and its impact on shedding frequency. For higher velocity cases this wake-scale signature is pushed to higher frequencies. For these cases the sampling rate was increase to 100 Hz (using the LDV) to resolve this signature. Finally, the vertical turbulent transport, T = O(w'k)/Oz, and bed-shear production, Ps = -u'w'(OU/Oz), terms were also evaluated from individual velocity records and then averaged laterally. The wake production was evaluated from (3). The model results are compared to laboratory observations made in this study, as well as to a collection of other studies in both random and staggered arrays. A summary of the Reynolds' number and array configuration for each study is given in Table 1. Note that for Dunn et al. [1996] , the rods are submerged, but that the drag coefficient, C z•B in that study, is defined on the basis of a vertical average over the height of the array only and so is roughly equivalent to Cry. For all other studies the cylinders extend through the entire flow domain, equivalent to an emergent condition. A reasonable agreement between the model and the experimental data is observed, even for ad > 0.1 for which the assumption that the nearest upstream cylinder alone sets degree of wake sheltering may be violated [Raupach, 1992] . The agreement between model and data suggests that the suppression of Cz• is correctly described by the wake shelter effects on which the model is based. In the above discussion (Figure 11 ), vegetated and unvegetated flow conditions were compared using identical mean flow, U = Uo. For a more relevant but more complex comparison, we now consider the two systems under identical forcing, that is, identical surface slope, Oh/Ox. The velocity, turbulence, and diffusion ratios for this condition are given in Figure 12 . Because the vegetation offers additional resistance, the velocity within the vegetated channel is always less than that in the unvegetated channel, and the velocity ratio, U/Uo, decreases as the vegetation density (ad) increases ( Figure  12a ). The drop in velocity ratio is more rapid for greater flow depths and smaller values of bed friction, C B, both of which enhance the fractional contribution of vegetative resistance.
Changes in turbulent kinetic energy (Figure 12b ) reflect the competing effects of reduced velocity and increased turbulence production, both of which accompany the introduction of vegetation. These opposing tendencies produce a nonlinear response in which the turbulence levels initially increase with increasing stem density, but eventually decrease as ad increases further. A similar response was predicted numerically for flow through emergent vegetation [Burke and Stolzenbach, 1983] and within bottom roughness elements [Eckman, 1990] and was observed in a flume study of flow through real stems of Zostera Marina [Gambi et al., 1990] . Note, however, that (10) and Figure ( 
